ABSTRACT: We studied urea decomposition in depth profiles at stations in the Southern California Bight. Urea decomposition was measured by adding I4C urea as a tracer. In situ urea concentration was measured by the urease method; we, therefore, studied the decomposition of only the urease-sensitive fraction of the urea pool. In the mesopelagic zone the decomposition of urea, which was mainly due to the bacterial size-fraction, was equivalent to 78 r 35% of sinlung particulate nitrogen (N) flux and 41 * 20% (n = 4 ) of the new production and generally exceeded N demand for heterotrophic bacterial production. Urea decomposition was intense in the 100 to 200 m depth interval where earlier studes found high nitrification rates. Our results suggest that a substantial fraction of sinking N flux may follow the pathway: sinking-N + urea + ammonium + nitrate rather than sinking-N + ammonium + nitrate. The significance of N flux via urea and its implications for bacterial production and carbonnitrogen coupling in the mesopelagial need to be considered in the oceanic biogeochemical models.
INTRODUCTION
Urea is a significant component of the biologically labile fraction of dissolved organic nitrogen in the ocean, and therefore, it is important to know the dynamics of urea pools in order to understand the oceanic nitrogen cycle (McCarthy 1980 , Turley 1985 , Williams 1986 , Hansell & Goering 1989 . Present knowledge about the urea cycle is largely limited to the euphotic zone where the existing paradigm is that urea is mainly produced by animals (McCarthy & Kamykowski 1972 , McCarthy & Whitledge 1972 , Eppley et al. 1973 ) and utilized by phytoplankton (Remsen et al. 1974 , Mitamura & Saijo 1975 , McCarthy 1980 , Price et al. 1985 , Turley 1985 ; bacteria do not play a significant role in urea decomposition in the euphotic zone (Remsen et al. 1974 , Turley 1985 . Whether bacteria are important in 'Present address: Department of Oceanography, Seoul National University, Kwan-Ak Gu, Shin-Lim Dong San 56-1, Seoul, urea decomposition in the mesopelagial has remained unstudied despite the occurrence of large pools (usually 0.1 to 1 PM) of urea there (Remsen 1971 , Mezykowski 1982 , Turley 1985 , Sapozhnikov & Propp 1988 . Concentrations of urea greater than 1 PM have often been found below the euphotic zone (Remsen 1971 , Turley 1985 , Sapozhnikov & Propp 1988 .
Bacteria in the ocean's mesopelagial dominate the decomposition of sinking organic carbon (Cho & Azam 1988 , Simon et al. 1992 , and further, bacterial isolates from the ocean's interior are commonly ureolytic (Taga 1972) , suggesting that bacteria may play a hitherto unrecognized role in urea dynamics below the euphotic zone. Since sinking flux into the aphotic zone is the major source of energy and material there and the C/N ratio of sinking particles increases with depth (Fowler & Knauer 1986) , bacteria in the mesopelagial might be more N-limited than bacteria in the euphotic zone. N-limited bacteria are known to decompose urea rapidly in seawater culture (Cho 1988) .
The goal of this study was to determine whether bacteria in the mesopelagic zone decompose urea and whether bacterial decomposition of urea is rapid enough to comprise a process of significant magnitude in the mesopelagic N cycle in the ocean.
MATERIALS AND METHODS
During 2 cruises in the Southern California Bight, including stations in the Santa Monica Basin (33" 45.5' N, 118" 47.6 ' W), we sampled seawater in three 500-800 m and two 200 m deep profiles. We used seawater from the same Niskin bottle for determining bacterial abundance, concentration of urea and urea decomposition using 14C-urea as tracer in 183 pm, 1.0 pm or 0.8 pm filtrates.
Study area and sample collection. Two cruises were made in 1985 and 1988 in the Bight (Stn 205, 33" 17.3' N, 118" 10.4' W; Stn 304, 33" 50.4' N, 118" 36.2' W; Stn 305, 33" 45.5' N, 118" 47.6' W) . Seawater samples in depth profiles were obtained either with Niskin bottle or a CTD-rosette. We took seawater samples in both the euphotic and aphotic zones. Urea decomposition activity. Seawater samples were prefiltered through 2 183 '$m Ny!on mesh ts remove larger zooplankton. Urea decomposition was followed with 14C-urea added as the tracer, essentially by the method of Remsen et al. (1974) . Briefly, 45 to 50 m1 of seawater was inoculated with 0.2 pm filtersterilized 14C-urea (54 to 58 mCi mmol-', New England Nuclear) to attain the addition of 0.25 to 0.62 pCi. The added urea concentration ranged from 86.2 to 252.5 nM. For some samples (where the ambient concentration of urea was low) this addition could not be regarded as tracer (see below). Seawater samples were incubated under white fluorescent light or in the dark for 4 to 6 h at in situ temperature. One bottle was fixed with neutral buffered formalin (final conc. 1%). It served a s abiotic control. After incubation with I4C-urea, 1 m1 of 2 N H2S0, was added and the liberated 14C0, was collected and radioassayed. All measurements were done at least in duplicates. The coefficient of variation among replicates was usually c ? % . The radioactivity was measured by liquid scintillation spectrometry using the external standard ratio method. Urea decomposition rates were calculated as: (f/t) X (in situ urea concentration), where f = fraction of the tracer I4C converted to 14C02 and t = the duration of incubation.
As stated, 14C-urea additions were not always low enough to be treated as a 'trace', and it is therefore necessary to address whether this could have enhanced the decomposition rates (Savidge & Johnston 1987) . We do not think that an enhancement occurred, for the following reasons. First, a time course experiment showed that the urea decomposition rate was constant for the first 6 h (data not shown), suggesting that the urea addition did not measurably alter the rate of ureolysis. Second, our protocol is not likely to have overestimated the rates: indeed, the rates may have been underestimated. As noted above, we used the 14C-urea hydrolysis only to calculate the pool turnover time, f/t. This was then multiplied by the measured in situ concentration (and not the sum of the in situ concentration and that of the added '*C-urea). We did this to obtain conservative estimates unbiased by the problem of increase in urea concentration due to the addition of a tracer. Further, we treated in situ urea concentrations below 30 nM (detection limit) as zero. In these cases, the rate we report is zero rather than that which would be based on the 14C-urea concentration.
Other analytical methods. Urea was measured by the method of McCarthy (1970) . Samples for urea measurements taken in 1985 were filtered through GF/F iiiiers and were kepi frozen j-20°C) urllii anaiyzed. Samples in 1988 were analyzed on board after filtration. Ammonium was measured by the method of Strickland & Parsons (1972) or Grasshoff (1976) . Bacteria were enumerated by epiflus:cscrncc microscopy cf acridine orange stained samples (Hobbie et al. 1977) . The rate of pnmary production was measured concurrently by other investigators.
RESULTS AND DISCUSSION
Urea decomposition rates below the euphotic zone ranged from negligible to 23.3 nM d-' (2.8 * 5.0 nM d-l, n = 23; Fig. 1 ). Bacteria appeared to be the main decomposers of urea in the mesopelagic zone (Fig. 1) . In the majority of the samples (5 out of 8) the bacteria size-fraction (~1 . 0 p m filtrate) was responsible for most of the urea decomposition. Particle-bound bacteria including nitrifiers (Karl et al. 1984) could have accounted for the remainder of the activity. Uniquely for a dissolved organic matter (DOM) component, urea decomposition in the euphotic zone is dominated by phytoplankton rather than by bacteria (McCarthy 1980 , Turley 1985 ; thus, in cur study, the bacteria size-fraction was responsible for only a minor part of urea decomposition activity in the euphotic zone (Fig 1) . In the mesopelagic zone, however, where phytoplankton biomass should be virtually absent, most activity was due to the < l pm fraction. Some smaller protozoa may have passed into the < l pm fraction, but the biomass of protozoa in the mesopelagic samples in our study area was ~5 % of bacterial biomass (Cho 1988 ) and was probably insignificant in urea decomposition. Since the contribution due to particles > l 8 3 pm (generally ~1 0 % ) was not measured in our study, we consider our estimates to be conservative. Size-fractionated samples (Fig. 1) indicate that most of the urea hydrolysis activity was due to bacteria operationally defined as free-living. We conclude, therefore, that most of the urea decomposition in our mesopelagic samples was due to bacteria, the majority of which were free-living. A surprising finding was that the rates of bacterial urea decomposition in the mesopelagic zone were often % to % of total urea decomposition rates (in the < l 8 3 pm fraction) in the euphotic zone. The high level of urease activity in the aphotic zone occurred because the per-bacterium urease activity in the aphotic zone was actually greater (up to an order of magnitude) than in the euphotic zone ( Fig. 1E to H) . This is despite the fact that bacteria in the aphotic zone of the Bight (and in the ocean in general) grow much slower than in the euphotic zone (Cho & Azam 1988) . Thus, the slow growing mesopelagic bacterial assemblages actually express higher levels of urease than the faster growing surface assemblages, Bacterial abundance (X 10' I-') and they do not 'ignore urea' -unlike the bacteria in the euphotic zone (Turley 1985) .
Urea decomposition rates consistently showed a peak in the 100 to 200 m depth interval in all 4 profiles.
The per-cell urease activity and urea concentration also peaked in the same depth interval. It is interesting that previous work found a peak of nitrifying bacteria and anlrnonium oxidation in this depth interval (Ward 1987) . We therefore considered that nitrifying bacteria might be intensely ureolytic and consequently responsible for significant urea hydrolysis. We examined a pure culture of the nitrifying bacterium Nitrosococcus oceanus for urea hydrolysis activity and found that it did hydrolyze urea (90 am01 cell-' d-l; data not shown). On the basis of our per-cell hydrolysis rates for N. oceanus and the literature values of the abundance of nitrifying bacteria determined by irnmunofluorescence microscopy in the Bight (-0.5 to 6 X 10' cells I-'; Ward 1987), we estimated whether the nitrifying bac- ~lle field rates of urea hydrolysis. The rate raiiged from 5 to 54 pm01 1-' d-', or generally 1 to 3 orders of magnitude lower than the field rates we measured. Unless the natural populations of the nitrifying bacteria had much higher per-cell urea hydrolysis activity than the cultured N. oceanus (for instance, if urease production is not repressed in low ammonium environments), their contribution to the measured rates of urea hydrolysis would have been negligible. While ureolysis by nitrifiers would be a biochemical strategy for acquiring energy from ammonium, an intriguing question is why other mesopelagic bacteria should be ureolytic, i.e. whether there is an energetic advantage or nitrogen limitation. Heterotrophic bacteria in the mesopelagial might use urea (after extra-or intracellular hydrolysis to ammonium) as a nitrogen source because it is energetically more favorable to use ammonium than nitrate (even though nitrate is highly abundant below the upper mixed layer). Other potential sources of nitrogen for bacterial growth are the dissolved combined and dissolved free amino acids, but they may occur in chemical associations (condensed or complexed with carbohydrates) which render them slow-to-degrade (e.g. glucosylated proteins degrade slowly in seawater; Keil & Kirchman 1993) . Urea may represent a readily utilizable dissolved organic nitrogen (DON) source for bacterial growth in the mesopelagial (but see below regarding the possible formation of condensed urea hexamers). We estimate on the basis of earlier measurements of mesopelagic bacterial carbon production in our study area (Cho 1988 , Cho & Azam 1988 ) that our measured rates of urea hydrolysis could provide a large fraction of the N demand of bacteria and may exceed it (297 * 333%, range 28 to 776%; Table 1 ). Whether iirea is taken up intact by bacteria and hydrolysed intracellularly to ammonium or hydrolysed by cell-surface enzyme(s) was not studied.
To assess the significance of urea decomposition in the mesopelagic N cycle, we calculated depthintegrated ammonium-N production caused by urea decomposition and compared it with sinking N flux from the euphotic zone and with new production. We calculated the N flux on the basis of the primary production according to the N flux model of Pace et al. (1987) . New production was calculated according to Eppley & Peterson (1979) . The calculated C flux was then converted into N flux by assuming a C/N ratio of 7 by weight for the particles sinking out of euphotic zone (Table 1 ). The depth-integrated urea hydrolysis ranged from 10.3 to 44.5 (21.1 * 16.1, n = 4 ) mg N m-' d-' (Table 1) . Our calculations showed that urea decomposition in the aphotic zone in our profiles was equivalent to a major fraction of particulate sinking N flux (78 + 35%, n = 4) and of new production (41 * 20%, n = 4; Table 1 ). The actual particulate-N flux channeled via urea might be substantially less than calculated here if some of the urea-N is derived from 'sinking' DON rather than particulate organic nitrogen (PON) (Toggweiler 1989) .
We can treat the added I4C-urea as a tracer of ambient urea only if the ambient urea is urease-sensitive. Degens (1970) made the qualitative observation that some of the urea associated with suspended POM and in the sediment interstitial water was acid-resistant, presumably because it occurred as a hexagonal adduct of urea. We did not try to determine whether signifi-cant pools of condensed urea were present in our samples. The urea pools we measured were urease-sensitive by virtue of the method of assay (the urease method of McCarthy 1970). Recently, Therkildsen & Lomstein (1994) showed that all chemically measurable urea (determined by the diacetylmonoxime urea method) was hydrolyzed within 5 min by adding urease to the sediment samples. We therefore think that the decomposition rates we measured were representative of the substantial ambient pools of urease-sensitive urea present in the water. If significant pools of condensed urea were also present, then we have actually underestimated the true rates.
Our finding of the significance of bacterial hydrolysis of urea is consistent with the emergent view that bacteria are a major metabolic component in the mesopelagic zone (Cho & Azam 1988 , Simon et al. 1992 , Hoppe et al. 1993 ). If we assume a steady-state between urea production and decomposition in the mesopelagic zone, then our study suggests that, somehow, a substantial fraction (on the order of 50 %) of the sinking N flux (PON plus DON) follows the pathway: sinking-N + urea + ammonium. This also raises the question of the mechanisms and organisms responsible for large-scale urea production in the mesopelagic zone. Bacteria may play a role in urea production as well because they are known to account for the metabolism of a major fraction of the sinking organic matter (Cho & Azam 1988) . However, at present we do not know the relative significance of bacteria, protozoa and metazoa in urea production in the mesopelagic zone. Further, urea might adsorb to sinking particles in the euphotic zone and be released upon particle fragmentation at depth (Degens 1970) . Thus, the organisms and mechanisms producing urea in the mesopelagic zone have yet to be discovered.
The mesopelagic N cycle reported here represents a fundamental departure from the current view of the nitrogen cycle (Proesser 1986 ) in the mesopelagic zone. If mesopelagic bacteria use urea as a significant N source, this could provide insight into the dynamics of bacterial growth and its influence on depth-dissipation of carbon. Urea decomposition to ammonium could supply the N demand of mesopelagic bacteria and also influence the regulation of nitrification and ultimately the supply of upwelled nitrate into the euphotic zone. Since substantial concentrations of urea ( > l PM) are found in the mesopelagic zone of the global ocean (Remsen 1971 , Turley 1985 , Sapozhnikov & Propp 1988 , it is of interest whether rapid urea turnover, as found in the Bight, is a geographically widespread phenomenon. We suggest that urea decomposition in the mesopelagic zone, and the role of bacteria in this process, should be considered in models of pelagic N cycling in the ocean.
